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SENSITIVITY OF SFF COMPUTER SIMULATIONS
TO VARIATIONS IN THE JWL EQUATION OF STATE (U)

by

K.R. Torrance

ABSTRACT

6// The sensitivity of predictions of self-forging fragment shape and kinetic energy to
variations in the Jones- Wilkins-Lee (JWL) equation of state for the detonation products
is studied parametrically using the EPIC-2 finite element computer code. JWL
parameters are varied for two warhead designs: the EXROD (EXplosive Remote
Opening Device) and the REDM (REsearch and Development Munition). The resulting
percentage changes in shape factor and kinetic energy are presented in tabular and
graphical form, and the most influential JWL pararﬁeters are identified. /

(i)
UNCLASSIFIED




UNCLASSIFIED

ACKNOWLEDGEMENTS

The author is indebted to Mr. Michael G. Kramer who, while a Summer Research
Assistant at DRES, performed half of the computer simulations necessary and
contributed to preliminary evaluation of the data, and to Dr. Allan W. Gibb for
providing supervision throughout.

(iii)

UNCLASSIFIED




UNCLASSIFIED

TABLE OF CONTENTS

ABS T RACT . i it ittt iaettneneeeeensotnneneneenaeraensasenoneseeannnn i
ACKNOWLEDGEMENT S .. i ittt ittt ettt et s aeseenanennny iii
TABLE OF CONTENT S . ittt i ittt it et ittt it iananrnennnens iv
LIST OF TABLES . ittt at e ttne titteeeeetineernensenneataeennnas v
LIST OF FIGURES ... ittt it ittt ittt it taeesiaaenrcnanns vi
1O INTRODUCTION ..ottt ittt ettt ettt inaaaannnann 1

1.1 Background ........ ... i 1

1.2 Description of EPIC-2 .. .. ... . . . 2

1.3 Se!”-Forging Fragmen! Devices .............ccoiiiuiiiinrnnnon.. 3

1.4 JWL Equation of State ............. ... .. . i, 3
2.0 PARAMETER VARIATIONS ...ttt ittt iineianens 4
3.0 PRESENTATION OF RESULTS .......iiitiiiiiiieriirnnnnnennns 6

3.1 Fragment Shape ...... .o e 6

3.2 Fragment Kinetic Energy ............ci .. 7
4.0 DISCUSSION OF RESULTS ...t .iiiiiiititittietnnnrnnneensnnnnas 7

4.0 General ... . i e 7

4.2 Fragment Shape ......... i i e i 8

4.3 Fragmen: Dynamics .......vuiuiiniinentnn it 9
5.0 CONCLUSIONS AND RECOMMENDATIONS .........coiiviennn.. 9
6.0 REFERENCES ... . i iiiiiiiiiteetnrirererneneneensannsnennnns 1i
APPENDIX — EXROD AND REDM FINAL FRAGMENT SHAPES

(iv)
UNCLASSIFIED
S -f'ae,?x‘-‘:v’z:}’;ti:f’ﬁ:;--';."1‘-,',-.{.?.f.,'~’--‘5-‘33'-".'“;.'€53‘5‘523:57"(;-"' - - — .




Table 1

Table 2

Table 3

Table 4

UNCLASSIFIED

LIST OF TABLES
Range of Known JWL Coefficients for Most High Explosives
Shape Factor Data for EXROD and REDM Fragments
Drag Coefficients for EXROD Fragments

Velocity Data for EXROD and REDM Fragments

(v)

UNCLASSIFIED




Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10

11

UNCLASSIFIED

LIST OF FIGURES
Self-Forging Fragment Device
EPIC-2 Representation of the REDM Warhead
EPIC-2 Representation of the EXROD Warhead

REDM Final Fragment Shapes for 2 Representative Parameter
Variations

EXROD Final Fragment Shapes for 2 Represcntative Parameter
Variations

Definition of the Shape Factor 1/d for the EXROD and
REDM Fragments

Percent Changes in EXROD and REDM Shape Factor (1/d)
for Each Parameter Variation

Forebody Drag of a Group of Spheroidal Heads as a Function
of Forebody Length Ratio at M = 1.6

Theoretical and Experimental Drag Coefficients of Various
Conical Heads at Transonic and Supersonic Mach Nurabers

Percent Changes in EXROD C, for Each Parameter Variation

Percent Changes in EXROD and REDM Kinetic Energies for
Each Parameter Variation

(vi)

UNCLASSIFIED




Ny

UNCLASSIFIED

DEFENCE RESEARCH ESTABLISHMENT SUFFIELD
RALSTON ALBERTA

SUFFIELD MEMORANDUM NO. 1124

SENSITIVITY OF SFF COMPUTER SIMULATIONS
TO VARIATIONS IN THE JWL EQUATION OF STATE (U)

by

K.R. Torrance

1.0 INTRODUCTION
1.1 Background

During the course of a confrontation, Canadian Forces military engineers employ
explosives and shaped charges to destroy bridges and other structures in a counter-
mobility role. Currently, these charges must be physically attached to the structure being
demolished, often a difficult and time-consuming task. As an aiternative, the
self-forging fragment (SFF) type of projectile, used for example in off-route anti-tank
mines, is under study at DRES to see if it could provide military engineers with a
long-standoff rapid demolition capability. The development of a long-standoff SFF
wall-breaching device is also being pursued.
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In studying the application of self-forging fragment technology to the demolition
role, a reduction in the size and cost of an experimental field program is afforded by the
use of finite element computer codes which can predict both fragment formation and
target impact. An important factor in obtaining a reasonable prediction of fragment
formation is the use of an accurate pressure-volume relationship for the explosive’s
detonation products. This relationship is given by the Jones-Wilkins-Le¢ (JWL)
equation of state. For many explosives, the coefficients of the JWL equation have been
tabulated in the literature. However, for some explosives of interest for potential use in
SFF devices, the JWL coefficients have not been published. In such cases, estimates
must be made based on explosives of similar properties. It is of considerable interest to
know what effect inaccurate estimates would have on predicted fragment characteristics.

Such considerations provided the motivation for the study reported herein. The
sensitivity of predictions of the EPIC-2 computer code (1) to changes in the JWL
equation of state for two SFF warhead designs are investigated: the EXROD ( Explosive
Remote Opening Device) and the REDM (Research and Development Munition).

1.2 Description of EPIC-2

The EPIC-2 (Elastic-Plastic-Impact Computations in 2 Dimensions) code is
based on a Lagrangian finite element formulation where the equations of motion are
integrated directly, rather than through the traditional stiffness matrix approach. The
formulation uses a triangular element, which is well-suited to representing the severe
distortions which often occur during fragment formation. Although the code is arranged
to provide solutions for projectile-target impact and explosively-formed projectiles, the
basic formulation is valid for a wide range of problems involving dynamic responses of
continuous media. The code is applicable to axisymmetric and plane strain problems. It
also has the capability to handle the effect of spin for the axisymmetric case. The
EPIC-2 code includes nonlinear material strength and compressibility effects to account
for elastic-plastic flow and wave propagation. It has an elastic-plastic material model in
which strain hardening, strain rate, and thermal softering effects can be included. It has
a mesh generator to construct meshes for various simple shapes. It has the capability to
include multiple sliding surfaces. The post-processor provides plots of initial and
deformed geometry as well as stress, strain, pressure and velocity fields. It also has the
capability to produce time-dependent plots of varic:s system parameters.

‘UNCLASSIFIED
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1.3 Seli-forging Fragment Devices

Briefly, a typical SFF device, as depicted in Figure 1 (2), consists of a high
explosive charge, metal liner, body and an initiation system. When the explosive is
initiated, a detonation wave traverses the high explosive and contacts the metal liner,
forming it into a single non-molten slug or fragment travelling at a velocity of typically
1 -- 3 km/sec. Useful ranges for these warheads can vary from 10 m to 300 m,
depending upon the application.

The two SFF devices which were the parent designs of this parametric study will
now be discussed in more detail.

REDM — Developed specifically for the experimental investigation of SFr
formation and target impact, this axisymmetric warhead design utilizes a 1.7 kg
Octol 75/ 25 explosive filling to drive a 143 mm diameter OFHC copper liner. The finite
element representation of this design is illustrated in Figure 2.

EXROD — This second axisymmetric SFF, whose finite element model is shown
in Figure 3, was developed primarily for explosive ordnance disposal applications; hencc
its smaller size compared to the REDM. In this design, a 500 g Octol 70/ 30 charge
propels a 73 mm diameter SAE 1020 steel liner.

1.4 JWL Equation of State

An explosive equation of state is an essential part of any SFF computer model. Its
purpose is to predict the pressure of the detonation products as the detonation wave
propagates through the solid explosive. The liner is then in turn deformed by this
pressure into a slug or fragment travelling at high velocity. The Jones-Wilkins-Lee
(JWL) equation of state is chosen because it can accurately describe the behaviour of the
detonation products over the extremely high pressure regime encountered. The JWL
equation of state (3) is:

P=A(l - w/R,V)e™*" + B(l — w/R,V)e*¥ + wE/V (1

where P = pressure (GPa)

V = (volume of detonation products)/(volume of undetonated explosive)
= relative volume
E = internal energy per unit volume (GPa)
A, B = linear coefficients (GPa)
w = dimensionless linear coefficient
R,, R; = dimensionless non-linear coefficients
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The five JWL coefficients published for 78/22 Octol (4) are:

A = 748.6 GPa
B = 13.38 GPa
R, = 4.50
R, = 1.20
w = 0.38

with E = 9.60 GPa.

EPIC-2 simulations of the REDM and EXROD geometries performed with the
above values for the five JWL coefficients will henceforth be referred to as the parent
cases. In this study, these five coefficients will be varied in the EPIC code and their
respective effects on the REDM and EXROD fragment shapes and dynamics compared
to the parent cases.

2.0 PARAMETER VARIATIONS

Before selecting the changes in the five JWL parameters from the parent case, it is
first necessary to recognize limits on their range of possible values. To begin with, since
P is positive, A, B, R,, R, and w must all be non-negative. Secondly, R, and R, must
always be greater than or equal to w/V to ensure that P is positive. The limiting case
occurs at the Chapman-Jouguet point where V is at a minimum. This volume, the
Chapman-Jouguet relative volume, can be calculated from simple 1-dimensional
detonation theory (3) as shown below:

Ve = 1 = Pg/@oD?

where V. = Chapman-Jouget relative volume
P., = Chapman-Jouget presssure
0o = initial density
D = detonation velocity

For 78/22 Octol, these constants have the following values (4):

PCJ = 34.2 GPa
0o = 1.821 g/cm?
D = 8.48 mm/us

yielding a Chapman- Jouguet relative volume of $.74. Hence, for w = 0.38, both R,and
R, must always be greater than or equal to 0.51.

UNCLASSIFIED
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It was decided at the outs~. of the project that a parametric study which took into
account all possible combinations of variations in A, B, R,, R; and w, while desirable in
principle, would be impractical in practice due to the excessively large number of
computer runs required. It was decided to limit the study to single parameter variations,
i.e., to cases in which one parameter was varied while the four remaining ones were
maintained at their parent values.

It was necessary to establish a range cf values for each parameter variation. A
guide as to a suitable magnitude for each parameter change is the range of values of that
parameter for all high explosives for which JWL data are available. Table 1 lists the
maximum and minimum measured values for each JWL coefficient, regardless of
explosive composition, expressed as a percent deviation from the respective coefficient
for Octol 78/22. It was also considered advantageous to standardize the relative
magnitude of each parameter change, so as to simplify comparison of the effect of
varying different parameters. Lastly, preliminary tests indicated that substantial changes
in the linear parameters (greater than 50%) were required to detect significant
differences in fragment shape and dynamics. After consideration of these factors, a
standard variation for each parameter of + 100% about the parent values was chosen,
except for R, and R; which cannot be reduced by 100% for the previously-cited reason.
Instead, R, and R, were each reduced by 20%. This percentage reduction produces
values which are still within the known minimum range of values for these two
coefficients (see Table 1) and also satisfies the constraint R,, R, > 0.51.

The final strategy for parameter variations became:

A = 100%
B + 100%
R, + 100%, — 20%
R, + 100%, — 20%
w + 100%

Each coefficient was altered onc at a time, making for a total of ten EPIC code
calculations for each of the two SFF designs. In addition, one calculation was carried
out using the parent parameters for each of the REDM and EXROD designs.
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3.0 PRESENTATION OF RESULTS
3.1 Fragment Shape

Fully-formed fragment shapes predicted by EPIC-2 for both the REDM and
EXROD geometrics are illustrated in Figures 4 and 5§ respectively. Two representative
parameter variations (REDM: A + 100%, A - 100%; EXROD: R, + 100%,
R: — 20%) are shown for comparison with each parent parameter case. As noted in
these figures and verified by flash x-radiographs of the parent cases, the material
comprising the liner edges fails and breaks away from the main body during the initial
stages of fragment formation and hence can be ignored for the purposes of comparison.
A complete catalogue of REDM and EXROD fragment shapes for each parameter
change is contained in the appendix.

A quantitative measure of fragment shape change was introduced in the form of a
dimensionless geometric shape factor, defined in Figure 6. If one ignores the liner edges
(since they break off, as explained previously) and the uneven coi1 vex nose (which is an
artifact of the computation process related solely to mesh size), the EXROD fragment’s
exterior profile can be approximated as a bullet-nosed projectile of diameter d and nose
length £ with a negligible cylindrical afterbody. Again ignoring the liner edges, the
REDM fragment’s exterior profile can be approximatead as a right circular cone of base
diameter d and height 2. The dimensionless shape factor for both geometries is then
simply the ratio £/d.

The percentage changes in shape factor between cach parameter variation and the
parent case are given in bar chart form in Figure 7 for both the REDM and EXROD
geometries. The shape factors themselves are tabulated in Table 2.

An alternative measure of fragment shape chzrge employs the change in drag
coefficient. This approach, however, has more restricted applications than the shape
factor as drag data at hypersonic speeds are available for only a limited range of
geometries. In the case of the highly non-aerodynamic REDM fragment, such drag data
are unavailable. The EXROD fragment, on the other hand, lends itself well to this
approach. Figure 8 presents drag coefficients for bullet-nosed bodies similar in shape to
the EXROD fragment. As drag data are given at M = 1.6, whereas the EXROD
fragment travels at an approximate speed of M = 8, the absolute magnitudes of C, will
be overpredicted since C, decreases with increasing supersonic Mach number (see
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Figurc 9). However, it is the changes in drag coefficient relative to that of the parent
case that is of primary interest. Over the narrow range of x/d velues for the EXROD
fragments (.26 — 1.28), the drag coefficient curve at M = 8 is assumed to be similar in
form to that in Figure 8. In fact, in this application, the curve can be utilized as if it were
valid for bodies at M = 8 since the resulting overpredictions in drag coefficient will
largely cancel one another when computing the percentage changes in C, relative to the
parent case drag coefficient. These percentage changes are presented in Figure 10 while
the values of the drag coefficients are tabulated in Table 3.

3.2 Fragment Kinetic Energy

Most penetration theories correlate projectile kinetic energy, rather than
projectile velocity, with target penetration. Therefore, fragment kineiic energy was
chosen to characterize the effects of the parameter changes on fragment dynamics. Since
the EPIC code does not account for drag forces on the fragment during its flight, the
kinetic energies calculated are for a fragment just after it is fully formed, rather tharn just
before striking a target some distance away. Figure 11 presents the percentage deviations
in kinetic energy from the parent case of both the REDM and EXROD designs. Table 4
contains the raw velocity data from which the changes in kinetic energy were calculated.

4.0 DISCUSSION OF RESULTS
4.1 General

Changing the JWL parameters obviously aliers the pressure predicted by this
cquation of state. By inspection of the JWL equation of siate (equation 1), a change in
any of the linear JWL coefficients, A, B and w, produces a change in pressure of the
same sign. Of the terms containing the non-linear coefficients, R, and R,, the negative
exponentials dominate and hence a change in either of these two parameters produces a
pressure change of opposite sign. Momentum is transferred from the detonation
products to the liner in both the radial and axial directions. In thc radial direction, an
increase in the detonation products’ pressure primarily causes the liner elements to
converge more towards the axis. Axially, an increase in préssure primarily raises the
forward velocity of the fragment. A decrease in the pressure predicted by the JWL
equation of state produces opposite effects. The radial and axial effects of the parameter
changes will be dealt with in the following two sections.
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4.2 Fragment Shape

The main radial effect of variations in the five JWL parameters is on tragment
shape. More specifically, the changes in detonation product pressure alter the radial
movement of liner material towards the axis of symmetry. This movement of liner
material will henceforth be referred to as radial convergence.

The effect of the linear parameter, A, on radial convergence is shown in Figure 4
using the REDM fragment as an example. An increase in the pressure of the detonation
products caused by raising A by 100% resulted in a more slender final slug displaying
much more radial convergence than the parent parameter case. Conversely, a decrease of
the same amount in the A parameter yielded a squatter fragment with less radial
convergence.  Results of variations in the two remaining linear parameters,
B and w, follow similar patterns.

The effect of the non-linear parameter, R,, is shown in Figure 5 using the
EXROD as an example this time. As R, is the coefficient of a negative exponential term
in the equation of state, a reduction in R, of 20% raises the detonation products’
pressure and produces a fragment exhibiting more radial convergence while an increase
of 100% has the reverse effect. The other non-linear parameter, R;, behaves similarly.

The quantified effects of JWL parameter changes on fragment shapc, expressed
as clranges in the shape factor £/d, can be observed in the bar chart of Figure 7. Now the
rela‘ive effect of each parameter on fragment shape emerges. As the first term in the
JWL equation of state for Octol accounts for over 70% of the peak pressure generated at
the CJ point (since A is much larger than B and E), it is not unexpected that changes in
the JWL coefficients in this term (A and R,) produce the greatest positive and negative
variations in shape factor. The remaining coefficients, B, w and R,, attached to the
second and third terms in the JWL equation of state, affect 1/d to a lesser, though still
significant, degree.

Notice the sign of the parameter change and the sign of the change in £/d.
Positive changes (i.e., increases) in the three linear parameters, A, B and w, cause
positive changes in £/d since the resuiiing pressure increase drives the liner elements

closer to the axis, raising the £/d ratio. Conversely, negative changes in the linear
" coefficients cause negative changes in £/d. Positive changes in the two non-linear
parameters, R, and R,, cause negative changes (i.e., reductions) in £/d since they result
in lowered pressures and hence less radial convergence of the liner. Conversely, negative
changes in R, and R, will cause positive changes in £/d.
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Due to the inverse relationship between C,, and £/d (see Figure 8), the alternate
measure of fragment shape change, the drag coefficient, responds in a manner directly
opposite to the shape factor £/d. That is, variations in the linear parameters result in
changes of opposite sign in C, while variations in the non-linear parameters produce
changes of the same sign in C,. Again, A and R, are the most influential parameters,
producing the greatest variations in Cp.

4.3 Fragment Dynamics

The main axial effect of JWL parameter changes is to alter the final kinetic encrgy
of the fragment. The bar chart of Figure 11 details the influence of each parameter on
the kinetic energies of both designs studied in this report. Changes in the linear
parameters produce pressure changes of the same sign and hence kinetic energy changes
of the same sign through the transfer of momentum from the detonation gases to the
liner. Changes in the non-linear parameters produce pressure changes of the opposite
sign and hence kinetic energy changes of the opposite sign. Also note that, here too, A
and R, are responsible for the greatest deviation.

It is noteworthy that the kinetic energy variations in Figure 11 for the REDM and
EXROD designs are almost interchangeable. Since the REDM and EXROD form
fragments of different shape, this result suggests that the effect of JWL parameter
changes on fragment kinetic energy may be largely geometry-independent.

5.0 CONCLUSION AND RECOMMENDATIONS

For the parameter variations considered in this report, the greatest positive and
negative effects in fragment shape and fragment dynamics for the two munitions under
study are summarized below:

EXROD REDM
% change £/d + 10C + 78
- 59 - 41
% change K.E. + 41 + 58
- 30 - 30
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All ol the above changes in fragment characteristics were due to variations i the
two most influential JWL paramcters, A and R,. Since the size of the parametar
variations utilized in this study are generally much larger than those that would normally
be encountered when applying the EPIC-2 code, the percentage changes in shape factor
and kinetic energy represent an upper bound of what would occur in practice.

With respect to the parameter variations, this study has treated the JWL equation
of state as an empirical relation in which the parameters can be varied independently.
The constraints that simple one-dimensional detonation theory place on the equation of
siate have been ignored. These constraints would, in fact, establish a dependency amonyg
the parameter variations and limit their magnitudes of chang:. The method given in
Reference 6 for obtaining JWL coefficients from cylinder test data may be used to
establish this dependency. It is recommended that a future parametric study be carried
out with variations thus constrained.
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TABLE 1

Range of known JWL coefficients for most high explosives expressed as a percent
deviation from the respective coefficient for Octol 78/ 22.

% DEVIATION
JWL COEFFICIENT

MAX MIN

A + 13 ~ 78

B + 74 ~ 76

R, + 56 - 14

R, + 67 - 21

w + 21 - 47
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TABLE 2

SHAPE FACTOR DATA FOR EXROD AND REDM FRAGMENTS

PARAMETER CHANGE EXROD ¢/d REDM (/d
parent case 0.64 5.63
A + 100% 1.28 9.55
A — 100% 0.26 3.32
B + 100% 0.93 6.78
B - 100% 0.35 4.81
w + 100% 0.73 6.47
w — 100% 0.46 3.50
R, + 100% 0.32 3.32
R, — 20% 1.26 10.00
R: + 100% 0.39 4.88
R: — 20% 0.71 5.67
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TABLE 3

DRAG COEFFICIENTS FOR EXROD FRAGMENTS

PARAMETER CHANGE x/d C,
parent case 0.64 .585
A + 100% 1.28 338
A - 100% 0.26 .854
B + 100% 0.93 456
B - 100% 0.35 .769
w + 100% 0.73 538
w — 100% 0.46 .692
R, + 100% 0.32 .800
R, = 20% 1.26 .346
R, + 100% 0.39 .738
R, - 20% 0.71 .546
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TABLE 4

VELOCITY DATA FOR EXROD AND REDM FRAGMENTS

EXROD VELOCITY REDM VELOCITY
PARAMETER CHANGE

(km/s) (km/s)
IS 1417 “X‘&
parent case 2.637 2.5
A + 100% 3.059 2.948
A - 100% 2.276 2.118
B + 100% 2.951 2.858
B - 100% 2.281 2.178
w + 100% 2.780 2.685
w ~ 100% 2.327 2.240
R, + 100% 2.202 2.123
R, — 20% 3.129 3.187
R, + 100% 2.373 2.263
R, — 20% 2.763 2.649
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